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Abstract: Our aim was to study the associations between maternal vitamin C and iron intake during
pregnancy and the offspring’s risk of developing islet autoimmunity and type 1 diabetes. The
study was a part of the Finnish Type 1 Diabetes Prediction and Prevention (DIPP) prospective birth
cohort including children genetically at risk of type 1 diabetes born between 1997–2004. The diets of
4879 mothers in late pregnancy were assessed with a validated food frequency questionnaire. The
outcomes were islet autoimmunity and type 1 diabetes. Cox proportional hazards regression analysis
adjusted for energy, family history of diabetes, human leukocyte antigen (HLA) genotype and sex
was used for statistical analyses. Total intake of vitamin C or iron from food and supplements was not
associated with the risk of islet autoimmunity (vitamin C: HR 0.91: 95% CI (0.80, 1.03), iron: 0.98 (0.87,
1.10)) or type 1 diabetes (vitamin C: 1.01 (0.87, 1.17), iron: 0.92 (0.78, 1.08)), neither was the use of
vitamin C or iron supplements associated with the outcomes. In conclusion, no association was found
between maternal vitamin C or iron intake during pregnancy and the risk of islet autoimmunity or
type 1 diabetes in the offspring.
Keywords: pregnancy; nutrition; vitamin C; ascorbic acid; iron; islet autoimmunity; type 1 diabetes;
birth cohort
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1. Introduction
Dietary factors during the fetal period, infancy and childhood are implicated to trigger,
inhibit or modify the autoimmune processes leading to type 1 diabetes [1]. Vitamin C
(ascorbic acid) and iron are essential micronutrients that human body cannot produce,
and therefore, they are needed from the diet [2,3]. Vitamin C might have a protective role
against type 1 diabetes due to its antioxidant properties [4,5]. In contrast, an excessive
amount of iron might lead to the generation of oxygen radicals and increased inflammation
and, thus, increase the risk of type 1 diabetes [3,6]. However, prospective studies assessing
these nutrients in the disease process of type 1 diabetes are scarce.
In two retrospective case-control studies, the child’s intake of dietary vitamin C
was not associated with type 1 diabetes [7,8], whereas in one study, dietary vitamin C
supplementation was associated with decreased risk of type 1 diabetes [9]. A recent study
conducted by The Environmental Determinants of Diabetes in the Young (TEDDY) Study
group suggested that high plasma ascorbic acid status during childhood could decrease the
risk of islet autoimmunity [10]. The maternal intake of vitamin C during pregnancy and the
risk of islet autoimmunity have so far been analyzed only in the Finnish Type 1 Diabetes
Prediction and Prevention (DIPP) Nutrition Study by us [11]. The intake of vitamin C
from diet only or from diet and vitamin C supplementation combined was not associated
with the risk of developing islet autoimmunity. We or, to our knowledge, others have not
reported the association of maternal vitamin C intake with clinical type 1 diabetes before.
High cord blood iron concentration [12] and maternal use of iron supplementation
during pregnancy [13] have been linked to increased risk of type 1 diabetes. Mechanisms
are not yet known, but iron overload was suggested to generate reactive oxygen species that
might lead to beta-cell apoptosis or ferroptosis, i.e., cell death depended on iron [3]. Beta
cells are lacking sufficient antioxidant enzymes that are available in other tissues [14,15].
Vitamin C enhances the absorption of non-heme iron from diet [16]. Furthermore, in
pregnant women, the use of vitamin C supplements in addition to iron supplements has
increased maternal plasma iron status [17]. However, the interaction between vitamin C
and iron intake on the risk of type 1 diabetes development has not been studied previously.
Our aim was to study the associations between maternal intake of vitamin C and iron
during pregnancy as well as use of dietary supplements with vitamin C or iron on the risk
of islet autoimmunity and type 1 diabetes in a prospective birth cohort. We hypothesized
that high maternal vitamin C intake is associated with decreased risk, while high iron
intake is associated with increased risk of islet autoimmunity and type 1 diabetes in the
offspring. Since vitamin C enhances the absorption of iron, we also studied interaction
between maternal iron and vitamin C intake on the risk of outcomes.
2. Materials and Methods
The DIPP Study is a large population-based birth cohort study of children with
human leukocyte antigen (HLA)-conferred genetic risk of type 1 diabetes [18]. In the DIPP
Nutrition Study within the DIPP cohort, 7782 children born in the Tampere and Oulu
University Hospitals between October 1997 and September 2004 were invited for follow-
up. Children with the genotypes HLA-DQB1*02/*03:02 and DQB1*03:02/x (x stands for
alleles other than DQB1*02 or DQB1*06:02) were eligible for the follow-up. At the time of
screening, 99% of the Finnish population was of ethnic Finnish origin. Migrant children
with parents that could not speak either Finnish or Swedish and those with severe diseases
or anomalies were excluded. The children were invited to study visits at the age of 3, 6,
12, 18 and 24 months and then annually up to the age of 15 years or until type 1 diabetes
diagnosis. The visit interval of autoantibody positive children was 3 months. In the current
report, the inclusion criteria for the analyses was the available maternal dietary assessment.
Parents gave written informed consent for both genetic testing of their newborn infant
from cord blood sample and for participation in the follow-up. The study adheres to
the Declaration of Helsinki, and the ethics committees of Oulu and Tampere University
Hospitals approved the study protocol (ETL 97193M).
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2.1. Maternal Vitamin C and Iron Intake
The mothers were asked to report their diet during pregnancy with a validated
181-item semi-quantitative food frequency questionnaire (FFQ) [19]. These pregnancy
FFQs were sent to the mothers after delivery and checked at the 3-month follow-up
visit. Mothers were asked to answer retrospectively about their diet during the eighth
month of pregnancy (the last month preceding maternity leave in Finland) [19]. The
frequency (not at all, number of times per month, week or day) and the amounts (units
of common serving sizes) of consumed foods were inquired. General units were used
for some foods such as eggs and beverages. Mothers were also asked about the use of
nutritional supplements over the whole time of pregnancy. The name of supplement, the
manufacturer and the dosage per day, week or month were asked. The vitamin C and iron
intake from vitamin C and iron only supplements and multivitamin supplements were
combined in the calculation. Individual vitamin C and iron intakes were calculated based
on the Finnish Food Composition Database (Fineli) using the in-house software (Finessi)
of the Finnish Institute for Health and Welfare, Finland [20]. The nutrient intakes were
calculated from unprocessed vegetables and fruits, which does not consider the loss of
vitamin C due to processing and cooking. Energy from dietary fiber was included in the
total energy. FFQs with >10 missing items were excluded. Any implausible values were
double checked on the original FFQ and from the database.
2.2. Definiton of Type 1 Diabetes-Related Outcomes
Children were screened for islet cell autoantibodies (ICA) at intervals of 3–12 months
as described before [18]. When participant had seroconversion for ICA for the first time, all
of the previous and subsequent samples were analyzed for insulin autoantibodies (IAA),
glutamic acid decarboxylase antibodies (GADA) and islet antigen-2 antibodies (IA-2A). ICA
was quantified by a standard indirect immunofluorescence method, IAA, GADA and IA-2A
with specific radiobinding assays. Transplacentally transferred autoantibodies were not
considered as the child’s endogenous autoantibodies. The definition for islet autoimmunity
was repeated positively for ICA and at least one biochemical autoantibody (IAA, GADA,
IA-2A) or having type 1 diabetes (one child was diagnosed with type 1 diabetes without
information on autoantibody positivity). Data on the diagnosis of type 1 diabetes were
obtained in May 2015 from Finnish Pediatric Diabetes Register and University Hospitals.
The diagnosis of type 1 diabetes was defined according to World Health Organization
criteria [21]. In the present study, children were considered free from type 1 diabetes if
they were not found in the register. Of the children invited, two datasets were formed. The
islet autoimmunity cohort included 4887 children, and the type 1 diabetes cohort included
4943 children. Data on maternal diet during pregnancy were available for 4879 pregnancies,
as 64 mothers had twin pregnancies. The mothers who were invited to the study but
had insufficient data on maternal diet were more likely to be in the lowest or highest age
category, more likely to be smokers and had more previous deliveries and a less education
than those mothers with dietary data [22].
2.3. Genetic Methods
HLA-DQ was genotyped using panels of sequence-specific oligonucleotide probes,
as described before [18]. Genotypes HLA-DQB1 (*02/*03:02) represent “high” and HLA-
DQB1*03:02/x (x 6= *02, *03:01, *06:02) “moderate” risk for type 1 diabetes.
2.4. Background Characteristics
Information on maternal education, diabetes (unspecified type) and family history
of diabetes among the first-degree relatives was collected with a questionnaire after the
delivery. Information on the offspring’s sex, maternal age and maternal smoking during
pregnancy was obtained from the birth registers of the hospitals. Maternal BMI was
determined from the mother’s weight at the first prenatal visit as described previously [23].
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2.5. Statistical Methods
Differences in maternal vitamin C and iron intake (in mg/MJ) between groups of
potentially confounding background characteristics were tested using one-way ANOVA.
Differences in characteristics between supplement users and non-users were tested using
t-test and Pearson Chi-square test. In the analyses exploring the risk of islet autoimmunity
and type 1 diabetes, maternal vitamin C and iron intakes from diet and total intake
(including the intake from supplements) were energy-adjusted using Willett’s residual
method [24]. Maternal vitamin C and iron intake were analyzed both as continuous
and categorized variables. The intakes were categorized into quartiles, from which the
combined two middle quartiles were used as the reference category. The use of supplements
with vitamin C and iron at any time during pregnancy was categorized as yes/no. The risk
of islet autoimmunity and type 1 diabetes was assessed with Cox proportional hazards
regression analysis.
The main analyses were energy-adjusted with the Willett’s residual method and
further adjusted for sex (boy or girl), family history of diabetes (yes or no) and HLA
genotype (high or moderate risk). Another model was also adjusted for maternal education,
pre-pregnancy BMI and smoking.
We tested whether child’s sex modified the association between the vitamin C and
iron intake and the outcomes. The results indicated no interaction, and therefore, main
analyses included girls and boys together. To test whether total vitamin C intake modified
the association between total iron intake and the outcomes, an interaction term was added
into the model.
SAS software version 9.3 (SAS Institute, Cary, NC, USA) and IBM SPSS Statistics
version 25.0 (IBM Corporation, Armonk, NY, USA) were used in the analyses. Statistical
significance was set at 2-sided p < 0.05.
3. Results
3.1. Background Characteristics
Altogether 312 (6.4%) children developed a positive islet autoimmunity at a median
age of 3.5 (IQR 1.7–6.6) years, and 178 (3.6%) had type 1 diabetes at the median age
of 7.1 (IQR 4.3–10.6) years during the 15-year follow-up. The dropout rates among the
4887 children at 1- and 5-year autoantibody follow-up were 5.7% (279 children) and 30%
(1415 children), respectively.
Maternal total vitamin C and iron intake by background variables are presented in
Table 1. Mothers with lower education had lower vitamin C intake during pregnancy than
those with higher education (Table 1). Mothers who smoked had lower iron intake than
non-smokers. Lower maternal BMI in early pregnancy was associated with higher iron
intake and non-linearly with vitamin C and iron intake (Table 1).
Mothers who used supplementation with vitamin C (1555 mothers, 32%) had lower
BMI (23.8 vs. 24.5 kg/m2, p < 0.001), higher education (overall p < 0.001), were more
often non-smokers (92 vs. 89%, p = 0.001) and had a higher intake of dietary iron (16.9
vs. 16.5 mg/day, p < 0.001) compared to those who did not use supplementation with
vitamin C.
Mothers who used iron supplementation during pregnancy (3375 mothers, 69%) had
lower BMI (23.9 vs. 25.2 kg/m2, p < 0.001), were more often highly educated (overall
p < 0.001) and non-smokers (92% vs. 86%, p < 0.001) and had a higher total energy (11.8 vs.
11.5 MJ/day, p = 0.01) and higher iron intake from food (16.2 vs. 15.8 mg/day, p < 0.001), in
comparison to those who did not use iron supplementation.
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Table 1. Characteristics of 4879 mothers in relation to mean (standard deviation) total intake of
vitamin C during and iron 8th month of pregnancy.
Maternal Intake during Pregnancy
Vitamin C, mg/MJ Iron, mg/MJ
Characteristic n Mean (SD) Mean (SD)
Maternal age, years
≤24 926 18.7 (11.1) 3.8 (3.4)
25–29.9 1700 18.8 (10.3) 3.7 (3.0)
30–34.9 1412 19.3 (13.4) 3.9 (3.2)
≥35 841 19.1 (12.2) 3.8 (2.9)
p-value b 0.46 0.72
Maternal BMI in early pregnancy, kg/m2
<25 3025 19.3 (11.9) 4.0 (3.3)
25–29.9 1123 18.1 (10.5) 3.6 (2.9)
≥30 434 18.7 (11.1) 3.4 (2.9)
Missing 297
p-value a 0.01 <0.001
Maternal weight gain rate, kg/week c
1st quarter < 0.33 1136 19.4 (13.6) 3.9 (3.2)
2nd quarter 0.33–0.41 1137 18.4 (9.8) 3.9 (3.3)
3rd quarter 0.42–0.52 1137 18.8 (10.9) 3.8 (3.0)
4th quarter > 0.52 1136 19.1 (11.3) 3.8 (3.1)
Missing 333
p-value a 0.14 0.48
Maternal vocational education d
None 294 18.2 (13.5) 3.6 (3.2)
Vocational School or Course 1291 18.4 (11.5) 3.9 (3.5)
Secondary Vocational Education 2067 18.9 (11.7) 3.8 (3.0)
University Studies or Degree 1097 20.1 (11.8) 3.8 (3.1)
Missing 130
p value a 0.001 0.40
Maternal smoking during pregnancy
Yes 467 18.1 (12.7) 3.5 (3.6)
No 4246 19.1 (11.7) 3.9 (3.1)
Missing 166
p value a 0.10 0.04
Maternal diabetes d
Yes 164 19.0 (11.9) 4.0 (3.1)
No 4611 19.0 (11.8) 3.8 (3.1)
Missing 104
p value a 0.89 0.49
a total intake based on diet and dietary supplements during 8th month of pregnancy. b p values for difference
between groups from one-factor ANOVA. c At the time of birth. d Based on a questionnaire completed after birth.
Type of diabetes not specified.
3.2. Intake and Dietary Sources of Vitamin C and Iron
Mean (SD) maternal intake of vitamin C from foods during pregnancy was 198 (116)
mg/day and from supplements 23 (82) mg/day. The most important sources of vitamin C
were juices, vegetables, fruits, and dietary supplements (Table 2). A total of 240 (5%) of the
mothers consumed less than 70 mg/day of vitamin C, which was the recommended intake
of pregnant mothers in Finland during the time of dietary assessment. Only five (0.1%)
mothers had insufficient vitamin C intake < 20 mg/day.
Mean (SD) maternal intake of iron from foods during pregnancy was 17 (5) mg/day
and from supplements 26 (33) mg/day. Dietary supplements, cereals and meats were the
main source of iron (Table 2).
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Table 2. Maternal intake of vitamin C and iron during pregnancy from food groups, DIPP Nutrition Study, Finland.
Vitamin C and Iron Intake from Food Groups Mean Vitamin C mg/day % of Intake Mean Iron mg/day % Of Intake
Fruits and berries 1 41.0 18.7 0.69 1.6
Fruit juices 84.8 38.6 0.28 0.6
Other sweetened fruit drinks 2.1 1.0 0.32 0.7
Vegetables 46.5 21.2 1.14 2.7
Leaf vegetables 3.4 1.6 0.19 0.5
Fruit vegetables 20.9 9.5 0.31 0.7
Root vegetables 8.7 4.0 0.29 0.7
Other vegetables 2 13.4 6.1 0.35 0.8
Legumes, nuts, seeds and soy products 0.8 0.4 0.32 0.8
Potatoes and potato-based products 10.3 4.7 0.83 1.9
Dairy products 9.7 4.4 0.54 1.3
Cereals 0.01 0 6.52 15.3
Egg and egg dishes 0 0 0.70 1.6
Fish and fish dishes 0 0 0.23 0.5
Meat and meat dishes (beef, pork, lamb, poultry, game) 0.5 0.2 3.42 8.1
Unprocessed meat 0 0 1.64 3.9
Processed meat 3 0.5 0.2 1.78 4.2
Other foods 4 0.6 0.3 1.21 2.8
Dietary supplements 5 23.1 10.5 26.31 61.9
Total 219.4 100 42.50 100
1 Including canned and dried fruits and berries. 2 Cabbages, onions, mushrooms and canned vegetables. 3 Sausages and cured meat
products. 4 Fats, oils, beverages, sugars, sweets and condiments. 5 Contains vitamin C or iron exclusively supplements and multivitamins.
3.3. Maternal Vitamin C and Iron Intake and Risk of Type 1 Diabetes-Realted Outcomes
Energy-adjusted maternal intake of vitamin C or iron from food and total intake
(from food and supplements together) during pregnancy were not associated with islet
autoimmunity or type 1 diabetes (Table 3). Results were similar for both continuous
and categorized intake. Further adjustment for sex, family history of diabetes and HLA
genotype did not change the risk significantly (Table 3) nor did the adjustment for maternal
education, pre-pregnancy BMI and smoking (Supplementary Table S1). The maternal use vs.
non-use of dietary supplements with vitamin C during pregnancy was not associated with
the risk of islet autoimmunity (HR 1.08 (95% CI 0.86, 1.37), p = 0.51) or type 1 diabetes (1.18
(0.87, 1.61), p = 0.28). Adjustment for sex, family history of diabetes and HLA genotype did
not change the results for islet autoimmunity (1.05 (0.83, 1.33), p = 0.67) or type 1 diabetes
(1.14 (0.84, 1.56), p = 0.39). Further adjustment for maternal education, pre-pregnancy BMI
and smoking did not change the results for islet autoimmunity (1.07 (0.83, 1.36), p = 0.61)
or type 1 diabetes (1.14 (0.82, 1.58), p = 0.43). Maternal use of supplements with iron
during pregnancy was not associated with the risk of islet autoimmunity (1.18 (0.91, 1.51),
p = 0.21) or type 1 diabetes (1.17 (0.84, 1.62), p = 0.36). Adjustment for sex, family history
of diabetes and HLA genotype did not change the results for islet autoimmunity (1.11
(0.86, 1.43), p = 0.43) or type 1 diabetes (1.14 (0.82, 1.58), p = 0.45). Further adjustment for
maternal education, pre-pregnancy BMI and smoking did not change the results for islet
autoimmunity (1.20 (0.91, 1.58), p = 0.20) or type 1 diabetes (1.18 (0.82, 1.69), p = 0.37).
3.4. Interaction Analyses
We observed no interaction between energy-adjusted total vitamin C intake and total
iron intake on the risk of islet autoimmunity or type 1 diabetes.
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Table 3. Hazard ratios (HR) and 95% confidence intervals (95% CI) for the association between maternal intake of vitamin C and iron during pregnancy and the risk of islet autoimmunity
and type 1 diabetes in the offspring.
Islet Autoimmunity Type 1 Diabetes
Model 1 n = 4887 (312) a Model 2 n = 4706 (305) a Model 1 n = 4943 (178) a Model 2 n = 4757 (174) a
HR b (95% CI) p-Value HR b (95% CI) p-Value HR b (95% CI) p-Value HR b (95% CI) p-Value
Vitamin C from diet
per 1 SD increase 0.97 (0.87, 1.09) 0.62 0.98 (0.87, 1.10) 0.73 1.05 (0.91, 1.21) 0.51 1.07 (0.93, 1.23) 0.37
Q1 0.96 (0.73, 1.27) 0.96 0.99 (0.75, 1.30) 0.98 1.10 (0.77, 1.58) 0.47 1.08 (0.75, 1.57) 0.41
Q2 and Q3 1 (ref) 1 (ref) 1 (ref) 1 (ref)
Q4 0.98 (0.75, 1.29) 1.02 (0.77, 1.34) 1.25 (0.88, 1.77) 1.27 (0.89, 1.81)
Total vitamin C intake c
per 1 SD increase 0.90 (0.79, 1.03) 0.12 0.91 (0.80, 1.03) 0.14 0.99 (0.86, 1.15) 0.94 1.01 (0.87, 1.17) 0.92
Q1 0.96 (0.74, 1.26) 0.32 0.98 (0.75, 1.28) 0.36 0.92 (0.64, 1.32) 0.74 0.88 (0.61, 1.28) 0.73
Q2 and Q3 1 (ref) 1 (ref) 1 (ref) 1 (ref)
Q4 0.80 (0.61, 1.07) 0.82 (0.61, 1.09) 0.87 (0.60, 1.26) 0.89 (0.61, 1.29)
Iron from diet
per 1 SD increase 1.09 (0.99, 1.22) 0.09 1.07 (0.96, 1.19) 0.22 1.10 (0.96, 1.26) 0.17 1.09 (0.95, 1.25) 0.23
Q1 0.70 (0.52, 0.94) 0.06 0.71 (0.53, 0.97) 0.09 0.63 (0.42, 0.94) 0.06 0.95 (0.72, 1.26) 0.71
Q2 and Q3 1 (ref) 1 (ref) 1 (ref) 1 (ref)
Q4 0.94 (0.73, 1.23) 0.92 (0.70, 1.20) 1.00 (0.71, 1.40) 0.89 (0.68, 1.18)
Total iron intake c
per 1 SD increase 0.99 (0.88, 1.11) 0.82 0.98 (0.87, 1.10) 0.71 0.94 (0.81, 1.10) 0.46 0.92 (0.78, 1.08) 0.30
Q1 0.94 (0.71, 1.24) 0.79 0.95 (0.72, 1.26) 0.71 1.01 (0.71, 1.45) 0.98 1.01 (0.70, 1.45) 0.89
Q2 and Q3 1 (ref) 1 (ref) 1 (ref) 1 (ref)
Q4 0.92 (0.70, 1.20) 0.89 (0.68, 1.18) 0.97 (0.68, 1.39) 0.92 (0.64, 1.33)
Abbreviations: Q1–Q4, quarter. a n represents total number in the analyses and number in parenthesis represents numbers of children with the outcome. b HRs (95% CI) are from Cox regression analysis (p values
from Wald test). c Total vitamin C and total iron intake from diet and dietary supplements. Model 1: Energy adjusted with the Willett’s residual method. Model 2: As model 1 and further adjusted for sex, family
history of diabetes HLA genotype.
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4. Discussion
In this large prospective birth cohort of children with increased genetic risk for type 1
diabetes, the maternal intake of vitamin C or iron during pregnancy and use of supplemen-
tation with vitamin C or iron were not associated with the risk of islet autoimmunity or
type 1 diabetes.
The strengths of this study include a large study population, carefully collected data
on maternal dietary intake and use of supplementation, use of well-maintained food
composition database, as well as regular assessment of autoantibodies and type 1 diabetes.
In the validation study of the FFQ used in our study, the FFQ in comparison to food records
(10 days) showed a correlation of 0.65 for vitamin C and 0.60 for iron [19], suggesting that
the FFQ is appropriate for the estimation of vitamin C and iron intake. Furthermore, no
previous studies have explored the association between both dietary and supplementary
intake of iron and the risk of islet autoimmunity.
Our study also had some limitations. The validation study of the FFQ did not include
the use of dietary supplements [19]. Furthermore, food storage and processing can affect
the vitamin C content in the foods, which cannot be totally taken into account in the food
composition databases. Another limitation is that the vitamin C intake is linked to fruit and
vegetable consumption, which may be confounded by several socioeconomic and lifestyle
factors [25]. Additionally, we did not have plasma vitamin C and iron status available in
our study, which could have provided us with an additional and, likely, a more accurate
biomarker of these nutrients in the body [25,26].
Our results do not support the hypothesis that higher intake of vitamin C during
pregnancy would protect from islet autoimmunity or type 1 diabetes. As far as we know,
this is the only prospective study so far to explore the maternal intake of vitamin C and the
risk of clinical type 1 diabetes outcome. In an earlier study with fewer mothers and children,
we explored the association between maternal vitamin C intake and islet autoimmunity
outcome [11]. Results were similar than in the present study but the use of vitamin C
supplements per se were not studied in the previous study. The current study was carried
out in a well-nourished population, and the mean vitamin C intake in mothers was more
than triple the amount of the recommended 70 mg/day during pregnancy [27]. Only 240
(5%) mothers had an intake below the recommended intake, and only five (0.1%) mothers
had a vitamin C intake under 20 mg/day in which plasma ascorbic acid status begins to
deteriorate [28]. However, the FFQ in our study is likely to overestimate the intake of foods,
which are considerable sources of vitamin C such as vegetables and fruits [19]. In addition,
the same maternal characteristics were associated with non-participation and lower intakes
of vitamin C, suggesting the final study population may have a higher intake of vitamin
C compared to those who did not participate in the follow-up. Therefore, we cannot
conclude whether vitamin C would be associated with risk of islet autoimmunity or type 1
diabetes in populations with lower vitamin C intakes. Our study did not include plasma
ascorbic acid status, which is suggested to represent vitamin C function more accurately
than dietary intake since absorption, transport and physiological requirements of vitamin
C vary between individuals [2,25]. Plasma ascorbic acid status should be considered in
future studies as high plasma ascorbic acid status in childhood has been associated with
reduced risk of islet autoimmunity in a previous study [10].
Our results do not support the hypothesis that high maternal intake of iron from
the diet or supplements would increase the risk of islet autoimmunity or type 1 diabetes
in the offspring. Two previous prospective studies exploring maternal iron supplement
use and the risk of clinical type 1 diabetes gave inconsistent results. While the Danish
National Birth Cohort Study found no association between maternal iron supplement
use during pregnancy and type 1 diabetes in the offspring [29], the Norwegian Mother
and Child Cohort Study observed that maternal use of any iron-containing supplements
was associated with increased risk of type 1 diabetes [13]. Mothers in our study and
previous studies were from well-nourished populations and the use of iron supplements
was common. The Finnish dietary recommendation states that iron supplementation may
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be needed after the first trimester to maintain an iron balance of 500 mg iron storage [27,30].
Hence, some of the mothers in our study may have used supplements without any actual
need. Similarly to the Norwegian cohort study, iron intake from food was not associated
with type 1 diabetes risk in the current report [13].
Although we did not find association between maternal iron intake type 1 diabetes
development, iron is an important nutrient for further studies. Mechanisms between mater-
nal iron exposure and fetal outcomes might be complex. Maternal use of iron supplement
during pregnancy may induce oxidative stress in the placenta, but the implication for
the offspring has yet to be explored [13,31]. Maternal iron bioavailability is regulated by
hepcidin, which suppresses the excess maternal iron flow in the circulation when iron
supplements are taken regularly [32,33]. Fetal hepcidin and iron transport proteins in
the placenta might also protect fetuses from iron overload [33]. In addition, epigenetic
mechanisms may play an important role since, e.g., maternal hemochromatosis gene (HFE)
genotypes have been associated with increased risk of type 1 diabetes [13,34]. Polymor-
phisms in the HFE gene induces hereditary hemochromatosis and increased iron stores,
which could cause iron accumulation in the endocrine pancreas and beta-cell injury [35,36].
5. Conclusions
In conclusion, maternal vitamin C or iron intake during pregnancy were not associated
with the risk of developing islet autoimmunity or type 1 diabetes in a prospective cohort of
children carrying increased genetic susceptibility to type 1 diabetes.
Supplementary Materials: The following are available online at https://www.mdpi.com/2072-6
643/13/3/928/s1, Table S1: Maternal intake of vitamin C and iron during pregnancy and hazard
ratios (HR) and 95% confidence intervals (95% CI) for islet autoimmunity and type 1 diabetes in the
offspring, additional adjustments.
Author Contributions: M.M., L.H., S.N. and S.M.V. conceptualized and designed the study and
interpreted the data. M.M. and L.H. drafted the initial manuscript. M.M., H.-M.T. and H.T. performed
statistical analysis. S.A. coordinated and supervised the data collection and processing. J.I., J.T., R.V.
and M.K. designed and supervised the DIPP study. S.N. and S.M.V. reviewed the manuscript. M.M.
is the guarantor of this work and had full access to the data in the study and takes responsibility for
the integrity of the data and the accuracy of the data analysis. All authors have read and agreed to
the published version of the manuscript.
Funding: Supported by the EFSD/JDRF/Lilly European Programme in Type 1 Diabetes Research;
Doctoral Programs in Public Health; the Academy of Finland (grants 63672, 79685, 79686, 80846,
126813, 201988, 210632, 276475); Competitive Research Funding of the Turku and Oulu University
Hospitals; the Competitive State Research Financing of the Expert Responsibility area of Tampere
University Hospital (grants 9E082, 9F089, 9G087, 9H092, 9J147, 9K149, 9L117, 9M114, 9N086, 9P057,
9R055, 9S074, 9U065, 9V072, 9X062); the Juvenile Diabetes Research Foundation (grants 197032,
4-1998-274, 4-1999-731, and 4-2001-435); the Novo Nordisk Foundation; the European Union Biomed
2 Program (BMH4-CT98-3314); Doctoral Programme in Health Sciences, Tampere University and The
Jenny and Antti Wihuri Foundation.
Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Ethics Committees of Oulu and Tampere University
Hospitals (ETL 97193M, Oulu: 16 June 1995 and Tampere: 23 September 1997).
Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: The data is available from the corresponding author on reasonable
request. The data are not publicly available due to the protection of the identity of the study
participants and their clinical data.
Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.
Nutrients 2021, 13, 928 10 of 11
References
1. Virtanen, S.M. Dietary factors in the development of type 1 diabetes. Pediatr. Diabet. 2016, 17 (Suppl. S22), 49–55. [CrossRef]
2. Padayatty, S.J.; Levine, M. Vitamin C: The known and the unknown and Goldilocks. Oral Dis. 2016, 22, 463–493. [CrossRef]
[PubMed]
3. Hansen, J.B.; Moen, I.W.; Mandrup-Poulsen, T. Iron: The hard player in diabetes pathophysiology. Acta Physiol. 2014, 210, 717–732.
[CrossRef]
4. Al-Zuhair, H.; Mohamed, H.E. Vitamin C attenuation of the development of type I diabetes mellitus by interferon-alpha.
Pharmacol. Res. 1998, 38, 59–64. [CrossRef]
5. Kaneto, H.; Kajimoto, Y.; Miyagawa, J.; Matsuoka, T.; Fujitani, Y.; Umayahara, Y.; Hanafusa, T.; Matsuzawa, Y.; Yamasaki, Y.; Hori,
M. Beneficial effects of antioxidants in diabetes: Possible protection of pancreatic beta-cells against glucose toxicity. Diabetes 1999,
48, 2398–2406. [CrossRef]
6. Sogaard, K.L.; Ellervik, C.; Svensson, J.; Thorsen, S.U. The Role of Iron in Type 1 Diabetes Etiology: A Systematic Review of New
Evidence on a Long-Standing Mystery. Rev. Diabet. Stud. 2017, 14, 269–278. [CrossRef]
7. Dahlquist, G.G.; Blom, L.G.; Persson, L.A.; Sandstrom, A.I.; Wall, S.G. Dietary factors and the risk of developing insulin dependent
diabetes in childhood. BMJ 1990, 300, 1302–1306. [CrossRef]
8. Benson, V.S.; Vanleeuwen, J.A.; Taylor, J.; Somers, G.S.; McKinney, P.A.; Van Til, L. Type 1 diabetes mellitus and components in
drinking water and diet: A population-based, case-control study in Prince Edward Island, Canada. J. Am. Coll. Nutr. 2010, 29,
612–624. [CrossRef]
9. Glatthaar, C.; Whittall, D.E.; Welborn, T.A.; Gibson, M.J.; Brooks, B.H.; Ryan, M.M.; Byrne, G.C. Diabetes in Western Australian
children: Descriptive epidemiology. Med. J. Aust. 1988, 148, 117–123. [CrossRef]
10. Mattila, M.; Erlund, I.; Lee, H.; Niinistö, S.; Uusitalo, U.; Andrén Aronsson, C.; Hummel, S.; Parikh, H.; Rich, S.S.; Hagopian,
W.; et al. Plasma ascorbic acid and the risk of islet autoimmunity and type 1 diabetes: The TEDDY study. Diabetologia 2020, 63,
278–286. [CrossRef]
11. Uusitalo, L.; Kenward, M.G.; Virtanen, S.M.; Uusitalo, U.; Nevalainen, J.; Niinistö, S.; Kronberg-Kippila, C.; Ovaskainen, M.L.;
Marjamaki, L.; Simell, O.; et al. Intake of antioxidant vitamins and trace elements during pregnancy and risk of advanced beta
cell autoimmunity in the child. Am. J. Clin. Nutr. 2008, 88, 458–464. [CrossRef]
12. Kyvsgaard, J.N.; Overgaard, A.J.; Thorsen, S.U.; Hansen, T.H.; Pipper, C.B.; Mortensen, H.B.; Pociot, F.; Svensson, J. High Neonatal
Blood Iron Content Is Associated with the Risk of Childhood Type 1 Diabetes Mellitus. Nutrients 2017, 9, 1221. [CrossRef]
13. Stordal, K.; McArdle, H.J.; Hayes, H.; Tapia, G.; Viken, M.K.; Lund-Blix, N.A.; Haugen, M.; Joner, G.; Skrivarhaug, T.; Marild, K.;
et al. Prenatal iron exposure and childhood type 1 diabetes. Sci. Rep. 2018, 8, 9067. [CrossRef]
14. Tiedge, M.; Lortz, S.; Drinkgern, J.; Lenzen, S. Relation between antioxidant enzyme gene expression and antioxidative defense
status of insulin-producing cells. Diabetes 1997, 46, 1733–1742. [CrossRef]
15. Lenzen, S. Oxidative stress: The vulnerable beta-cell. Biochem. Soc. Trans. 2008, 36, 343–347. [CrossRef]
16. Siegenberg, D.; Baynes, R.D.; Bothwell, T.H.; Macfarlane, B.J.; Lamparelli, R.D.; Car, N.G.; MacPhail, P.; Schmidt, U.; Tal, A.;
Mayet, F. Ascorbic acid prevents the dose-dependent inhibitory effects of polyphenols and phytates on nonheme-iron absorption.
Am. J. Clin. Nutr. 1991, 53, 537–541. [CrossRef]
17. Lachili, B.; Hininger, I.; Faure, H.; Arnaud, J.; Richard, M.J.; Favier, A.; Roussel, A.M. Increased lipid peroxidation in pregnant
women after iron and vitamin C supplementation. Biol. Trace Elem. Res. 2001, 83, 103–110. [CrossRef]
18. Kupila, A.; Muona, P.; Simell, T.; Arvilommi, P.; Savolainen, H.; Hamalainen, A.M.; Korhonen, S.; Kimpimaki, T.; Sjoroos, M.;
Ilonen, J.; et al. Juvenile Diabetes Research Foundation Centre for the Prevention of Type I Diabetes in Finland Feasibility of
genetic and immunological prediction of type I diabetes in a population-based birth cohort. Diabetologia 2001, 44, 290–297.
[CrossRef]
19. Erkkola, M.; Karppinen, M.; Javanainen, J.; Rasanen, L.; Knip, M.; Virtanen, S.M. Validity and reproducibility of a food frequency
questionnaire for pregnant Finnish women. Am. J. Epidemiol. 2001, 154, 466–476. [CrossRef] [PubMed]
20. Reinivuo, H.; Hirvonen, T.; Ovaskainen, M.L.; Korhonen, T.; Valsta, L.M. Dietary survey methodology of FINDIET 2007 with a
risk assessment perspective. Public Health Nutr. 2010, 13, 915–919. [CrossRef]
21. Parkkola, A.; Harkonen, T.; Ryhanen, S.J.; Ilonen, J.; Knip, M. Finnish Pediatric Diabetes Register Extended family history of type
1 diabetes and phenotype and genotype of newly diagnosed children. Diabet. Care 2013, 36, 348–354. [CrossRef]
22. Prasad, M.; Lumia, M.; Erkkola, M.; Tapanainen, H.; Kronberg-Kippila, C.; Tuokkola, J.; Uusitalo, U.; Simell, O.; Veijola, R.; Knip,
M.; et al. Diet composition of pregnant Finnish women: Changes over time and across seasons. Public Health Nutr. 2010, 13,
939–946. [CrossRef]
23. Hakola, L.; Takkinen, H.M.; Niinisto, S.; Ahonen, S.; Erlund, I.; Rautanen, J.; Veijola, R.; Ilonen, J.; Toppari, J.; Knip, M.; et al.
Maternal fatty acid intake during pregnancy and the development of childhood overweight: A birth cohort study. Pediatr. Obes.
2017, 12 (Suppl. S1), 26–37. [CrossRef]
24. Willett, W.C.; Howe, G.R.; Kushi, L.H. Adjustment for total energy intake in epidemiologic studies. Am. J. Clin. Nutr. 1997, 65,
1220S–1231S. [CrossRef] [PubMed]
25. Dehghan, M.; Akhtar-Danesh, N.; McMillan, C.R.; Thabane, L. Is plasma vitamin C an appropriate biomarker of vitamin C intake?
A systematic review and meta-analysis. Nutr. J. 2007, 6, 41. [CrossRef]
Nutrients 2021, 13, 928 11 of 11
26. Casgrain, A.; Collings, R.; Harvey, L.J.; Hooper, L.; Fairweather-Tait, S.J. Effect of iron intake on iron status: A systematic review
and meta-analysis of randomized controlled trials. Am. J. Clin. Nutr. 2012, 96, 768–780. [CrossRef]
27. Lahti-Koski, M. Ravitsemuskertomus 1998; Kansanterveyslaitos, Ravitsemusosasto: Helsinki, Finland, 1999.
28. World Health Organization. Vitamin and Mineral Requirements in Human Nutrition, 2nd ed.; World Health Organization: Geneva,
Switzerland, 2004; p. 2. Available online: http://www.who.int/nutrition/publications/micronutrients/9241546123/en/ (ac-
cessed on 13 March 2018).
29. Thorsen, S.U.; Halldorsson, T.I.; Bjerregaard, A.A.; Olsen, S.F.; Svensson, J. Maternal and Early Life Iron Intake and Risk of
Childhood Type 1 Diabetes: A Danish Case-Cohort Study. Nutrients 2019, 11, 734. [CrossRef] [PubMed]
30. Finnish Institute for Health and Welfare. Eating Together—Food Recommendations for Families with Children, 2nd ed.; THL: Helsinki,
Finland, 2019.
31. Devrim, E.; Tarhan, I.; Erguder, I.B.; Durak, I. Oxidant/antioxidant status of placenta, blood, and cord blood samples from
pregnant women supplemented with iron. J. Soc. Gynecol. Investig. 2006, 13, 502–505. [CrossRef]
32. Gambling, L.; Lang, C.; McArdle, H.J. Fetal regulation of iron transport during pregnancy. Am. J. Clin. Nutr. 2011, 94, 1903S–1907S.
[CrossRef]
33. Sangkhae, V.; Nemeth, E. Placental iron transport: The mechanism and regulatory circuits. Free Radic. Biol. Med. 2019, 133,
254–261. [CrossRef]
34. Jerram, S.T.; Dang, M.N.; Leslie, R.D. The Role of Epigenetics in Type 1 Diabetes. Curr. Diabet. Rep. 2017, 17, 89-x. [CrossRef]
[PubMed]
35. Cooksey, R.C.; Jouihan, H.A.; Ajioka, R.S.; Hazel, M.W.; Jones, D.L.; Kushner, J.P.; McClain, D.A. Oxidative stress, beta-cell
apoptosis, and decreased insulin secretory capacity in mouse models of hemochromatosis. Endocrinology 2004, 145, 5305–5312.
[CrossRef]
36. Huang, J.; Jones, D.; Luo, B.; Sanderson, M.; Soto, J.; Abel, E.D.; Cooksey, R.C.; McClain, D.A. Iron overload and diabetes
risk: A shift from glucose to Fatty Acid oxidation and increased hepatic glucose production in a mouse model of hereditary
hemochromatosis. Diabetes 2011, 60, 80–87. [CrossRef] [PubMed]
